Abstract. The biotechnological use of bacterial cells and cell components for the detection and accumulation of valuable substances, such as metals and rare earth elements in aqueous systems, is possible by utilizing innate binding characteristics of microorganisms. We have studied the bacteria cells of Lysinibacillus sphaericus JG-B53 and Sporosarcina ureae ATCC 13881 to assess their potential applicability for the detection of rare earth elements, base metals or precious metals in water. First, we have demonstrated the interactions of the cells with the metal complexes of Au, Ho and Y by studying the color changes of the respective solutions, scanning electron microscopy (SEM) imaging of the metal cluster decoration on the cell surfaces and cell growth tolerance tests. Based on these results, we have developed two potential sensor systems. A colorimetric sensor was established by applying gold nanoparticles (AuNPs) functionalized with surface-layer (S-layer) proteins SslA of S. ureae ATCC 13881 or Slp1 of L. sphaericus JG-B53 for the selective detection of YCl 3 up to 1.67 × 10 −5 mol L −1 in water. Additionally, a regenerative sensor layer of S-layer proteins on a thin gold film was developed for the detection of 1 × 10 −4 mol L −1 YCl 3 in water by surface plasmon resonance (SPR) spectroscopy.
Introduction
Water is becoming one of the most important resources of the 21st century (Gleick, 1993) . Currently, more than 2.1 billion people have no access to clean drinking water (WHO and UNICEF, 2017) , which will become worse for more than 7 billion people by the year 2050 (UNWWAP, 2015) . Considering the growing importance of fresh drinking water in the coming years, the detection and treatment of polluted water with new sensitive and specific methods is becoming more important.
The development of highly selective sensor-actuator systems for the sustainable use of water and resources is a central goal. The detection of low concentrations of metals from mining and industrial effluent (such as In, Ga, Cu or rare earth elements, REEs) but even more so the elimination and recovery of reusable metals are significant factors that have not yet been fully covered by conventional processes. For many of these metals, only a few elaborate detection methods are available so far, which are often tailored to very specific applications. This bottleneck can be overcome by nature, in this specific case by the use of microorganisms. Microorganisms can survive in extreme environmental conditions, even at high concentrations of metallic pollutants. They have developed interesting strategies, such as attaching toxic metals selectively to the so-called surface-layer (S-layer) proteins (Pollman and Matys, 2007) . This enables the use of whole cells as sensors or the recovery of metal ions from water by means of immobilizing the cells in matrix materials (Matys et al., 2004; Soltmann et al., 2003) . Several bacteria species have been studied with regard to their metal binding capacities by bioadsorption. The vegetative cells and spores of various Bacillus strains, like B. cereus, B. megaterium and B. sphaericus, can bind a broad range of metal ions, including Al 3+ , Cd 2+ , Cu 2+ , Ga 3+ , Ni 3+ , Pb 2+ and U 4+ , from natural drain water samples (Mathew et al., 2015; Selenska-Pobell et al., 1999) . Caulobacter crescentus can adsorb a broad range of REEs (Park et al., 2016) . L. sphaericus JG-A12 can bind Au 3+ , Cu 2+ , Pd 2+ , Pt 2+ and U 4+ Merroun et al., 2005; Pollmann et al., 2006; Raff et al. 2003) , whereas L. sphaericus JG-B53 is known to bind Eu 3+ , Au 3+ , Pd 2+ and Pt 2+ with a higher affinity to Pd 2+ and Au 3+ (Suhr et al., 2014) . Other concepts are based on the use of the purified S-layer proteins of these bacteria for immobilization matrices, the attachment of fusion proteins or the detection of molecules like Pt(II) porphyrin (Ladenhauf et al., 2015; Mateu et al., 2014; Neubauer et al., 1993 Neubauer et al., , 1994 Scheicher et al., 2009; Weinert et al., 2015) .
Currently, there are only few approaches available using S-layer proteins as a detection layer in water or on surfaces. One example is the detection of uranyl in real time by using low-frequency impedance spectroscopy (Conroy et al., 2010) . Another more recent approach is the use of Slayer proteins of L. sphaericus JG-A12 to functionalize gold nanoparticles (AuNPs) and the establishment of a colorimetric sensor based on the color change by particle agglomeration in the presence of As(V) ions (Lakatos et al., 2015) .
Hereinafter, the development of a new sensor concept based on bacteria cells and surface-layer proteins for the detection of noble metals, as well as of rare earth elements is going to be presented. Two bacterial strains, L. sphaericus JG-B53 and S. ureae ATCC 13881, have been investigated for their tolerance and binding properties with respect to KAuCl 4 , CuSO 4 , Sm(NO 3 ) 3 , Ho(NO 3 ) 3 and YCl 3 . Preliminary studies were realized by whole-cell systems. According to these results, two possible sensor concepts using specially extracted surface-layer proteins from these two bacterial strains were developed for the detection of YCl 3 : (i) a simple and rapid colorimetric method based on the agglomeration of AuNPs, and a color shift in the presence of the analyte, and (ii) a regenerative robust surface functionalization for surface plasmon resonance (SPR) spectroscopy.
Materials and methods

Bacteria growth
The bacterial strains L. sphaericus JG-B53 and S. ureae ATCC 13881 were grown in liquid nutrient broth (5 g L −1 Bacto ™ Peptone, Becton, Dickinson and Company, Sparks, USA, and 3 g L −1 meat extract, Merck, Germany) at 30 • C under constant shaking. All the samples were harvested at the end of the exponential growth phase.
Metal binding activity and metal tolerance tests of bacteria
The metal binding activity and the metal tolerance of the bacteria species were studied by incubation of the bacteria with various metal salt solutions in different concentrations. Specifically, 2 mL harvested cells was washed twice through centrifugation at 3800 g for 5 min. The pellet was resuspended in 1 mL ddH 2 O. These cell specimens were incubated for 2 days in 1 mL 1 × 10 −1 , 1 × 10 −2 and 1 × 10 −3 mol L −1 of CuSO 4 , Ho(NO 3 ) 3 , Sm(NO 3 ) 3 , YCl 3 , or in 1 mL 1 × 10 −2 and 1 × 10 −3 mol L −1 KAuCl 4 . For the evaluation of the metal binding activity, incubated bacteria cells were adsorbed on silicon wafers and dried for at least 2 days. The dried specimens were characterized by scanning electron microscopy (SEM; Zeiss DSM 982 Gemini, Zeiss, Oberkochen, Germany) along with WSXM software (Horcas et al., 2007) .
For the metal tolerance tests, 100 µL of the metal ion incubated bacteria cells was grown for 3 to 5 days on agar plates (15 g L −1 agar, 8 g L −1 NB-medium Bacto Nutrient Broth, Difco Laboratories, Canada) and the number of colonyforming units was counted.
Colorimetric sensor using S-layer-functionalized
AuNPs
S-layer extraction
The extraction of the S-layer proteins of S. ureae ATCC 13881 (SslA) and of L. sphaericus JG-B53 (Slp1) was carried out as described by Blüher (Blüher et al., 2015) . The resulting solution contained crystalline S layers (tubes and sheets) and monomeric fractions, which were completely disassembled into monomers in 6 mol L −1 guanidine hydrochloride, followed by centrifugation at 14 000 g for 30 min, and dialysis against a 5 × 10 −4 mol L −1 TRIS buffer for 4 h. The Slayer monomer solution was stored at 4 • C until final use (a few days up to 1 week).
Synthesis and characterization of the AuNPs
Spherical AuNPs with a diameter of 20-30 nm were synthesized using a modified Turkevich method (Turkevich et al., 1951) . In detail, 100 mL of a 5 × 10 −4 mol L −1 HAuCl 4 · 3H 2 O was boiled under constant stirring, before 2 mL of a 1 % sodium citrate solution was added. After a few minutes, the color changed from light yellow to burgundy red. Typically, the reaction and formation of the colloidal AuNPs is completed after further 60 min of constant stirring. Afterwards, the colloidal solution was slowly cooled down to room temperature. The characterization of the spherical AuNPs was carried out by UV-VIS spectroscopy (Varian Cary 100 inc., Canterbury, Australia) and SEM. Before further use, the absorption maximum of the spherical AuNPs (20-30 nm in diameter) was adjusted to OD = 1 at 525 nm.
Functionalization of AuNPs and colorimetric test
To investigate active sensor particles in solutions, the previously synthesized AuNPs were functionalized with the monomeric S-layer proteins. The required concentration of the proteins for the complete functionalization and stabilization of the AuNPs was determined according to Geoghegan and Ackerman (1977) . Briefly, a serial dilution of the S-layer protein solution was prepared, starting from 1 mg mL −1 to 1 × 10 −4 mg mL −1 . Typically 50 µL final S-layer solution was mixed with 100 µL AuNP solution (OD 525 = 1). After an adsorption time of 30 min, 10 µL 10 % NaCl was added to each of the AuNP protein mixtures. If the particles were insufficiently stabilized by the protein, the color of the AuNP protein mixture turned from red to blue. Subsequently, only mixtures of successfully protein-stabilized AuNP solutions were used for the colorimetric metal ion detection tests.
To prepare a final volume of a 10 mL solution of S-layerfunctionalized AuNPs, the ratios were scaled up. The mixture of AuNPs and S-layer proteins was kept overnight at 4 • C under slight constant shaking. Unbound protein was separated by centrifugation at 3000 g for 30 min at 4 • C. The centrifugation was repeated up to 3 times. The supernatant was carefully discarded and the pellet of S-layer-functionalized AuNPs was resuspended in 0.1 % polyvinyl alcohol (PVA) with OD 525 = 1. PVA was used to prevent the particles from aggregation via unspecific interaction of insufficiently covered gold surfaces with the analytes.
For the colorimetric test YCl 3 was used as the analyte. According to the protocol, 50 µL of YCl 3 solutions of different concentrations (2.5 × 10 −1 to 5 × 10 −6 mol L −1 ) were added to 100 µL of the S-layer-functionalized AuNPs (OD = 1). AuNPs without S-layer functionalization, stabilized by 1 % PVA, were used as the reference.
SPR spectroscopy
The setup for surface plasmon resonance spectroscopy is based on a Kretschmann configuration. The instrument was developed at the Fraunhofer Institute IOF in Jena, Germany. For all the measurements TOPAS © SPR chips (produced by KDS Radeberger Präzisions-Formen und Werkzeugbau GmbH, Großröhrsdorf, Germany) were used, with a 50 nm thick gold layer and a surface area of 3 × 12 mm (Kretschmann, 1971; Hofmann and Danz, 2008) . The tem- perature was kept constant at 25 • C using a water cooling system for the microfluidic sample chamber. Before measurement, all SPR chips were cleaned with EtOH and ddH 2 O. To facilitate the recrystallization of the S-layer proteins on the surface, the surface of the SPR chips was activated through incubation with 1 × 10 −2 mol L −1 MgCl 2 , followed by the addition of the monomeric S-layer proteins. The adsorption of the S-layer proteins on the surface as well as the interaction of the S-layer-protein-functionalized surfaces with the analyte YCl 3 were monitored by online measurements.
Results and discussion
This study focused on the development of selective biohybrid sensor systems for metal ions in water. For whole-cell sensor applications, the interactions of bacteria cells of L. sphaericus JG-B53 and S. ureae ATCC 13881 with metal salts were investigated optically during incubation (e.g., color changes, sedimentation) and subsequently by SEM characterization and growth tests. The aim of these tests was to determine the interactions of bacterial cells with metal salt solutions and to predict which S layer can be used for the detection of the respective metal. Utilizing the specific binding properties of S-layer proteins, two sensor concepts were developed to selectively detect YCl 3 in water.
Metal binding activity
To study the metal binding activity and the metal tolerance, bacteria cells were incubated with metal salt solutions of different concentrations for 2 days (Fig. 1) .
Within 2 days of incubation, most of the bacteria cells settled on the ground of the tubes by sedimentation. These sediments are more pronounced for the samples of S. ureae ATCC 13881 than L. sphaericus JG-B53. This can be explained by the flagella and the higher motility of L. sphaericus JG-B53.
A first indication of the interaction of the metals with the bacteria cells could be a color change of the respective solution for colored metal complexes, e.g., for Ho, Cu or Au. Solutions with metal ions of Sm and Y are always colorless and did not change during incubation. For Cu and Ho ions there were no visible reactions observed. Only for the Au complex does the solution decolorize (1 × 10 −2 mol L −1 ) or change from yellow to red or purple (1 × 10 −3 mol L −1 ). Both effects could be attributed to the formation of AuNPs (Fig. 6 ) (Suhr et al., 2016; Turkevich et al., 1951) .
A possible explanation for these cluster formation processes could be the well-known reducing effects of many cell envelope components, which has been shown for the formation of AuNPs on the cell surface of L. sphaericus JG-A12 (Jankowski et al., 2010; Suhr et al., 2016) . The nanoparticle formation due to pH effects in the presence of the cells can be excluded because there were no significant changes of the pH values compared to pure metal salt solutions (Supplement).
In order to study cluster or metal nanoparticle formation in the presence of the cells in more detail, corresponding samples were examined in SEM (see Figs. 2 and 3 and the Supplement). In contrast to the results of Fig. 1 , heterogeneous nanoparticle formation on the cell surface was present in all samples, except the bacterial cells incubated with CuSO 4 (all concentrations), Sm(NO 3 ) 3 (all concentrations) or Ho(NO 3 ) 3 (1 × 10 −1 mol L −1 ) (Figs. 2 and 3) . Additionally, the flagella of L. sphaericus JG-B53 were metallized by incubation with 1 × 10 −2 and 1 × 10 −3 mol L −1 Sm(NO 3 ) 3 (Fig. 2) .
Similar to the observations of the incubated solutions, the decoration with AuNPs was clearly visible for both tested bacterial strains, regardless of the concentration of the KAuCl 4 solution. The formed gold clusters were widely distributed on the cell surface and had a broad size and shape distribution in the range of a few nanometers up to several hundred nanometers. In the L. sphaericus samples, the higher pH (3.03) at 1 × 10 −3 mol L −1 induced more heterogeneous round or triangular AuNP shapes, which were not present at lower pH values.
Clear differences depending on the bacterial strains used were visible for the interaction with YCl 3 and Ho(NO 3 ) 3 . For L. sphaericus JG-B53 the cluster formation was predominantly along the flagella (Fig. 2) , while for S. ureae ATCC 13881 the clusters were widely distributed on the cell surface (Fig. 3) . The formed clusters were distinctly smaller and more densely packed on the respective surfaces compared to the decoration with AuNPs.
In conclusion L. sphaericus JG-B53 can form nanoparticles on the cell surface or the flagella by the reduction of Ho(NO 3 ) 3 , KAuCl 4 , Sm(NO 3 ) 3 and YCl 3 metal salts, for all the concentrations used. Metal binding and nanoparticle formation of S. ureae cells was demonstrated for all concentrations of KAuCl 4 and YCl 3 too, as well as for Ho(NO 3 ) 3 at 1 × 10 −2 and 1 × 10 −3 mol L −1 .
Metal tolerance growth test
The main purpose of the metal tolerance test was to investigate the viability of the cells as a function of different metal salts and concentrations. With regard to a possible application as a whole-cell sensor, not only does the interaction with the cell surface play a role, but the effect on the vitality of the cells plays a central role too. The metal tolerance studies were performed with metal salt solutions of CuSO 4 , Ho(NO 3 ) 3 , Sm(NO 3 ) 3 , YCl 3 and KAuCl 4 for concentrations of 1 × 10 −1 , 1 × 10 −2 and 1 × 10 −3 mol L −1 . The results of the metal salt tolerance tests are summarized for L. sphaericus JG-B53 and S. ureae ATCC 13881 after 5 days of growth (Fig. 4) . Reference plates showed 10 000 colony-forming units (CFUs) and were established as having 100 % bacterial viability (data not shown). For plates with high CFU counts, only one-quarter was counted, multiplied by 4 to amount for the whole plate and then by 10 to take the 1 : 10 dilution of the sample into account.
Regardless of the metal and bacterial strains used, high metal ion concentrations in the solution during the incubation could be associated with a high mortality of the cells. This was always reflected by low growth rates. In contrast, lower metal salt concentrations significantly increased the growth rates up to comparable values of untreated references. For S. ureae ATCC 13881 all tested metal salt solutions completely inhibited growth for 5 days of incubation at concentrations equal to or higher than 1 × 10 −2 mol L −1 . At the lowest concentrations (1 × 10 −3 mol L −1 ) of CuSO 4 , Sm(NO 3 ) 3 and Figure 4 . Metal tolerance of (a) L. sphaericus JG-B53 and (b) S. ureae ATCC 13881 for different metal salts and concentrations determined for growth on agar plates after 2 days of incubation. The colonies were counted after 5 days and normalized to the CFU count of reference plates without metal salts.
YCl 3 , S. ureae grew comparable to the reference. Therefore metal tolerance of S. ureae ATCC 13881 can only be detected for these three samples.
Exceptions to this overall trend were the series of experiments with Ho(NO 3 ) 3 and KAuCl 4 , which consistently showed poor growth rates for all concentrations. This suggests a high interaction potential, as confirmed by the investigations of metal cluster deposition with SEM. Both bacterial strains did not grow in the presence of gold metal ions. This might either be due to the gold salt or the very low pH value of this samples. Standard pH values for the growth of bacteria from literature are in the range of 6.8-8.5 for L. sphaericus JG-B53 and around 8.7 for S. ureae ATCC 13881 (Goldman and Wilson, 1977; Suhr et al., 2014; Yousten and Wallis, 1987) . Taking all pH values into account, growth was only possible for pH values of 3.89 and higher. However, there seems to be no clear correlation between higher pH values and the growth rates because the lowest growth with some colonies still present was measured at a pH of 6.42 for 1 × 10 −1 mol L −1 Ho(NO 3 ) 3 . However, the pH values are not the only factor of growth inhibition. At a pH of 6.5 ± 0.1 for bacterial cells of S. ureae ATCC 13881 incubated with 1 × 10 −3 mol L −1 Ho(NO 3 ) 3 (pH of 6.64), no growth was visible, while for the same concentrations of Sm(NO 3 ) 3 (pH of 6.42) and YCl 3 (pH of 6.37), strong growth was measured. All samples with no inhibition had pH values of 5.82 or higher. Therefore a higher pH value overall affects the growth in a positive manner, while Ho(NO 3 ) 3 still inhibits growth at this high pH. According to literature, this is also supported by the higher optimal growth pH of 8.7 for S. ureae ATCC 13881 (Goldman and Wilson, 1977) .
In direct comparison of both bacterial strains, L. sphaericus JG-B53 was significantly more robust or less susceptible to interactions with the majority of the metal ions studied than S. ureae ATCC 13881 (Fig. 4) . The experiments with Y ions took a special position. Almost continuous growth rates above 30 % were observed for L. sphaericus JG-B53 and Y. This indicates a reduced interaction. No correlation between the metal salt concentration and growth could be found for 1 × 10 −2 mol L −1 YCl 3 , and viability rates were 30-40 % for the remaining two concentrations. For S. ureae ATCC 13881 the CFU count was only increased at low concentrations (1 × 10 −3 mol L −1 ). In association with the formation and deposition of metal clusters in the presence of cells, a different behavior for the decoration with metal clusters depending on the cell type has already been observed for YCl 3 (Sect. 3.1.).
Nanoparticle formation was observed on SEM images of bacteria incubated with Ho(NO 3 ) 3 , KAuCl 4 , Sm(NO 3 ) 3 and YCl 3 . While some of these samples grew less when compared with the reference due to the influence of the metal salt solutions, they still bound the metal salts on their surface. For whole-cell sensing and water cleaning applications with living cells, L. sphaericus JG-B53 proved to be more robust, with only high growth inhibition at 1 × 10 −3 mol L −1 of metal ion concentrations. S. ureae ATCC 13881, while being very prone to growth inhibition due to the influence of metal ions at higher concentrations, could still be used for applications with lower concentrations in the environment. To circumvent these limitations, single-use sensors or recovery systems will be a possible solution.
In general, the different interaction behavior of the two bacterial strains L. sphaericus JG-B53 and S. ureae ATCC 13881 for Y ions can be exploited for specific sensor applications. This will be demonstrated in the following section by the specific functionalization of a sensor surface and the formation of active sensor layers (transducer) with the S-layer proteins of these bacterial strains.
Sensor applications 3.3.1 Colorimetric sensor system
Typically, a colloidal solution of spherical AuNPs exhibits an intense red color based on its absorption maximum at 510 to 560 nm. This absorption arises from the collective oscillation of the free valance electrons of the nanoparticles, the socalled surface plasmon resonance (SPR), by excitation with an electromagnet field, e.g., white light. The SPR is strongly related to the material, shape and size as well as the surrounding media of the nanoparticles. In particular, the dependency of the SPR from the surrounding media can be used to build up sensor applications. A change of the dielectric environment of the nanoparticles, for example by nanoparticle functionalization or a change of the refractive index of the solvent, results in smaller shifts of the absorption maxima. Stronger shifts can be achieved by particle clustering or aggregation. Due to interparticle plasmon coupling, the SPR signal will be strongly red-shifted. The color of the particle solution turns from red to purple or blue (Fig. 5) . This color shift can be observed by the naked eye and is used as the basic principle for a huge number of colorimetric detection methods (Wilson, 2008; Zhao et al., 2008) .
For a highly specific detection of an analyte, the surface functionalization of the nanoparticles is of significant importance. According to the results of the whole-cell systems (Sects. 3.1. and 3.2), S-layer proteins from bacteria cells of S. ureae ATCC 13881 (S-layer protein SslA) and L. sphaericus JG-B53 (S-layer protein Slp1) have been used for nanoparticle functionalization. The potential of a colorimetric sensor was investigated by using YCl 3 as the analyte. PVA- stabilized AuNPs without S-layer functionalization, which should not interact with YCl 3 , were used as the reference (Fig. 6) .
As indicated by the color change, only SslAfunctionalized AuNPs interacted with YCl 3 . Slp1-functionalized as well as PVA-stabilized AuNPs showed no color change by the addition of YCl 3 . This is in line with former results of the whole-cell tests and the metal cluster decoration on the surface of S. ureae ATCC 13881 cells (Sect. 3.1). The visible color change from red to blue was in the range of 3.33 × 10 −4 to 1.67 × 10 −5 mol L −1 YCl 3 . Above and below these concentrations, the solutions remained unchanged.
The complex binding mechanisms of metal ions by S-layer proteins involve multiple functional groups such as NH 2 , NH, OH, CO, COOH, SH and PO 4 (Raff et al., 2002) . For YCl 3 concentrations below 1.67 × 10 −5 mol L −1 no color change was visible due to the repulsive Coulomb interactions of the positively charged surface of S-layer-functionalized AuNPs (Lakatos et al., 2015) . An increase of the YCl 3 concentration induces the cross-linkage and aggregation of the S-layer-functionalized AuNPs, as indicated by the color change. Roosen-Runge et al. (2013) have demonstrated the interaction of Y 3+ ions with the carboxylate groups of proteins. At concentrations above 3.33 × 10 −4 mol L −1 no more color changes of the solutions were visible. This can be explained by the increasing number of free Y ions and a saturation of all binding sites on the S-layer proteins. The mechanism of cross-linkage between the particles does not take place (Lakatos et al., 2015) .
To develop robust, selective and sensitive sensor concepts, further studies on the specific binding characteristics of the proteins as well as the metal ion to S-layer protein interactions are necessary. According to official regulations a detection limit below 5 × 10 −9 mol L −1 for Y ions should be reached by further optimizing the system. The sensitivity could be increased by varying the size of the AuNPs, the functionalization method and the optical density of the sensor solution.
SPR spectroscopy sensor system
SPR spectroscopy is a highly sensitive and flexible method for the label-free detection of biomolecular interactions and has been shown to detect very small molecules like DNA up to 2 × 10 −9 mol L −1 (Kretschmann and Raether, 1968; Kretschmann, 1971; Homola et al., 1999; Otto, 1968; Wood, 1902) . The detection method is based on changes of the evanescent field resulting from plasmon resonance excitation on a metal surface when light of a given wavelength hits this surface at a certain angle (Wood, 1902; Fano, 1941) . This angle depends on the refractive index of the medium within a boundary layer of approximately 200 nm thickness on the metal. A change of the refractive index results in a shift of the SPR minimum. Therefore, not only can adsorption and binding of molecules affect the SPR spectroscopy measurement, but also variations in temperature and composition in the adjacent medium of the sensor surface. In the present work an SPR spectrometer was used as a quantitative adsorption sensor. The binding of S-layer proteins and the subsequent binding of YCl 3 was measured online (Fig. 7) .
After an activation step, S-layer recrystallization processes on the gold surface were visible within the next 60 min, before the signal reached a plateau (Fig. 8) . The successful binding and the stability of the protein layer on the surface was evident due to the constant signal at the same level after this functionalization process (despite cleaning processes with ddH 2 O).
The tested analyte concentration of 1 × 10 −4 mol L −1 led to a strong rise of the signal. A further increase of the YCl 3 concentration up to 5 × 10 −3 mol L −1 did not result in an increase of the signal. The temporary small increase of the signal by the addition of lower concentrations of YCl 3 is due to differences of the refraction index compared with ddH 2 O.
In conclusion, the detection of YCl 3 was possible at a concentration of 1 × 10 −4 mol L −1 . This concentration already occupied all available binding sites on the S-layer protein layer attached to the gold surface. Together with the linearity of the signal established in preliminary experiments, a quantitative determination of an unknown amount of YCl 3 was possible.
The regeneration of the gold surface through several washing steps and the use of plasma cleaning was also tested, but this has to be optimized (data not shown). SPR spectroscopy can be improved by varying the functionalization of the chip and by using more than one S layer on a single chip, in order to develop single-chip detection systems for several metal ions and rare earth elements.
Furthermore, a combination of both methods, the nanoparticle-based assay and the surface-based method, will enable the sensitivity and selectivity of the SPR signal to be obtained.
Conclusions
In summary, new sensor concepts were presented, based on the interaction of the bacterial strains S. ureae ATCC 13881 and L. sphaericus JG-B53 and their surface proteins (SslA and Spl1) with different ions of noble metals and rare earth elements, e.g., Cu, Au, Sm, Ho and Y. Metal binding and cluster formation were clearly demonstrated for whole cells of both bacteria in contact with Au, Ho and Y. As revealed by SEM, these processes are different for S. ureae ATCC 13881 (all over the cell surface) and L. sphaericus JG-B53 (mostly at flagella). Subsequently, the biofunctionalization and molecular recognition of the extracted S-layer proteins were investigated for two kinds of optical sensors in contact with Y ions. By using a simple colorimetric assay, based on the aggregation of S-layer-functionalized AuNPs and the resulting color shift, a detection limit of 1.67 × 10 −5 mol L −1 YCl 3 for S. ureae ATCC 13881 and SslA was achieved. In contrast, for Spl1 of L. sphaericus JG-B53, no such signal was found. First studies on S-layer-functionalized SPR spectroscopy revealed that this concept can easily be transferred to commercially available systems.
The huge variety of naturally occurring and biological active S-layer proteins opens up a wide range of possibilities for the detection of different metal ions in water.
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